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and Behavior and Center for Nervous System Disorders, State University of New York at Stony Brook, Stony Brook, New YorkABSTRACT NMDA receptors are glutamate-activated ion channel complexes central to the functioning of the mammalian
nervous system. Opening of the NMDA receptor ion channel pore is initiated by agonist-induced conformational changes in
the extracellular ligand-binding domain (LBD) but the dynamic mechanism of this process remains unresolved. We studied
how a disulfide bond in the obligatory GluN1 subunit—the sole site of redox modulation in NMDA receptors—controls this
activation gating mechanism. This disulfide bond is located in the hinge region of the LBD, and presumably constrains agonist-
induced cleft closure of the clamshell-like LBD. Elimination of this bond, by either DTT-mediated reduction or mutagenesis,
enhances gating efficiency such that pore opening now occurs with higher frequency and longer duration. The most prominent
effect was to shift openingmodes to long duration openings reminiscent of a highPo gatingmode that the NMDA receptor exhibits
under ambient oxidizing conditions. In terms of preopen gating steps, elimination of this bond has effects only on the fast gating
step consistent with this step being GluN1-specific and reflecting GluN1 gating movements immediately before channel opening.
Overall, our results suggest that thedynamicsof theGluN1LBDhavestrongeffects on lateporeopeningsteps including regulating
the duration of pore opening. This redox-mediated gating modulation could be an underlying mechanism of NMDA receptor
malfunction in redox-dependent disease states and presents a potential target of pharmacologic action.INTRODUCTIONNMDA receptors are a subtype of glutamate-activated ion
channels that mediate rapid excitatory neurotransmission
in the mammalian central nervous system. NMDA receptors
are involved in a number of higher order brain functions
including learning and memory as well as neurodevelop-
ment (1). Aberrant activity of NMDA receptors can trigger
and/or complicate both acute (e.g., stroke and seizure) and
chronic (e.g., Parkinson’s and Alzheimer’s diseases) neuro-
logical and psychiatric (e.g., Schizophrenia) disorders (2).
NMDA receptor function is regulated by a host of endoge-
nous substances, including the coagonist glycine (or
D-serine in certain brain regions), and monovalent (Hþ)
and divalent (Ca2þ, Mg2þ, Zn2þ) cations (3,4). Further,
NMDA receptor function is responsive to the local redox
conditions, as both endogenous and exogenous reducing
agents potentiate its activity (5,6). This may be an important
exacerbating factor in certain diseases states, e.g., status
epilepticus and hypoxic ischemic insults, that are accompa-
nied by an imbalance in the redox state of the brain (7,8).
Redox modulation of NMDA receptors affects the effi-
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. Open access under CC BY-NC-ND license.(ligand-binding domain or LBD) couples to opening of
the ion channel pore (5). Reducing agents potentiate this
coupling efficiency with an observed increase in the fre-
quency and duration of channel openings (9–12). Chimeric
and mutagenesis studies as well as structural data have iden-
tified a redox-sensitive disulfide bond (C726 and C780)
between a highly conserved pair of cysteines in the LBD
to be the primary site of redox modulation (11,13,14). Inter-
estingly, in an intact tetrameric NMDA receptor containing
two glycine-binding GluN1 and two glutamate-binding
GluN2A subunits, it is the GluN1-specific disulfide bond
that mediates almost the entire redox modulation (12,13)
(Fig. 1 A). Despite the importance of the redox state to func-
tionality, the effect of this GluN1-specific disulfide bond on
the activation gating mechanism in NMDA receptors is
unknown. Given that the disulfide bond is GluN1-specific,
understanding its effects on the activation gating mechanism
will further delineate subunit-specific mechanisms of gating
in NMDA receptors.
In ionotropic glutamate receptors, gating is initiated by
the conformational change in the extracellular ligand-
binding domain (LBD) induced by agonist binding. This
conformational change is propagated to the ion channel-
forming transmembrane domain (TMD), which ultimately
promotes opening of the ion channel pore. Structurally, an
individual LBD, composed of discontinuous polypeptide
segments S1 and S2, adopts a clamshell-like structure
(Fig. 1 A) (15,16). Initial ligand interactions occur inside
the cleft of this clamshell primarily with the membrane-
distal lobe. Subsequently, the membrane-proximal lobe
closes in on the ligand, creating additional high affinitydoi: 10.1016/j.bpj.2011.10.015
FIGURE 1 Redox-sensitive disulfide bond between C726 and C780 in
the GluN1 ligand-binding domain (LBD) affects NMDA receptor function.
(A) Backbone structure of an isolated GluN1 LBD in a glycine-bound
conformation (PDB accession code No. 1PB7) (14) and an associated iGluR
transmembrane domain (GluA2, subunit A, PDB accession code No.
3KG2) (44). The LBD is composed of polypeptide segments S1 (light
gray) and S2 (dark gray). Glycine molecule (in ball configuration and in
white) is depicted. The artificial glycine-threonine segment connecting S1
and S2 is also shown (white). The endogenous disulfide bond between
C726 and C780 is also labeled. (Gray) Transmembrane a-helical segments
M1, M3, and M4. These transmembrane segments are physically connected
to the LBD by three 12–20 amino-acid-long linkers, S1-M1, M3-S2, and
S2-M4 (dashed lines). Numbering is for the mature protein. (B) Represen-
tative membrane currents (holding potential, 60 mV) in Xenopus oocytes
injected with NMDA receptor subunits, either GluN1/GluN2A (top) or
GluN1(C780S)/GluN2A (bottom). Receptors were initially exposed to
15-s pulses of the coagonists glycine (20 mM) and glutamate (200 mM)
(Gly/Glu, thin lines) to elicit NMDA receptor-mediated currents. A contin-
uous application of DTT (4 mM, gray bar) was then started and currents
were elicited three more times in the presence of DTT. (C) Mean % poten-
tiation (mean5 SE, nR 4) of current amplitudes in the presence of DTT
calculated as 100  (Ipost  Ipre)/Ipre, where Ipre and Ipost are the average
current amplitudes, typically of 3–5 glutamate-activated currents, before
and during DTT application, respectively. Only WT GluN1/GluN2A
showed a significant DTT-induced change (potentiation) of current ampli-
tudes. (Black and white bars) Value statistically significant from zero.
(Asterisk) P < 0.05 (Student’s t-test).
2390 Talukder et al.ligand-protein interactions and trapping the ligand inside the
closed cleft (1,17,18) (Fig. 1 A). This process leads to the
generation of several Kcals of energy, the majority of which
are thought to be transferred to the TMD through three
LBD-TMD linkers promoting channel opening (19).
Here, we use chemical modulation and mutagenesis to
define how the C726-C780 disulfide bond of the GluN1Biophysical Journal 101(10) 2389–2398LBD influences the activation gating mechanism of
NMDA receptors. Consistent with previous reports, DTT-
mediated reduction of this disulfide bond in GluN1/GluN2A
receptors elicits a 25% potentiation of macroscopic current
amplitudes that is manifested by increased frequency and
longer duration channel openings at the single-channel
level. We found that the disulfide bond plays a critical role
in determining the overall distribution of open gating modes
in GluN1/GluN2A NMDA receptors. Surprisingly though,
we find that this disulfide bond has a localized effect on
the kinetic mechanism of activation, being tightly integrated
with a single preopen gating step already thought to be
defined by GluN1-specific movements. Combining these
two results, we provide significant functional evidence
that this GluN1 hinge-region disulfide bond energetically
destabilizes the closed cleft conformation of the LBD and
confers substantial control to NMDA receptor gating.MATERIALS AND METHODS
Mutagenesis and expression
Xenopus oocytes were prepared, coinjected with rat GluN1 (GluN1a,
accession No. P35439) and GluN2A (accession No. Q00959) cRNA, and
maintained as previously described in Sobolevsky et al. (20). All numbering
is for the mature protein using signal peptides of lengths of 18 (GluN1) and
19 (GluN2A) amino acids. A serine substitution (C780S) in GluN1 was
generated using PCR-based methods (20). For mammalian cell expression,
human embryonic kidney 293 (HEK 293) cells were cotransfected using
Fugene 6 (Roche Applied Science, Roche Diagnostics, Indianapolis, IN)
with cDNA for GluN1 and GluN2A, as well as a vector for enhanced green
fluorescent protein (pEGFP-Cl; Clontech, Mountain View, CA), at a ratio of
(in mg) 1:1:1.Macroscopic current recordings
Xenopus oocytes membrane currents were recorded at room temperature
(20–23C) using a two-microelectrode voltage-clamp (TEV-200A;
DAGAN, Minneapolis, MN) (20). The external solution consisted of
115 mM NaCl, 2.5 mM KCl, 0.18 mM BaCl2, 5 mM HEPES, and
100 mM ethylenediaminetetraacetic acid (EDTA) (pH 7.2, NaOH). Glycine
(20 mM) and glutamate (200 mM), and the reducing agent dithiothreitol
(DTT, 4 mM) were applied with the bath solution.Single-channel recordings and analysis
Single-channel recordings were made at steady state using the cell-attached
configuration on HEK 293 cells as described in detail previously by
Talukder et al. (21). Briefly, currents were acquired using an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA) filtered at 10 kHz
(four-pole Bessel filter) and digitized at 40 kHz (model No. ITC-16
DA/AD converter interfaced with the software PatchMaster; both by
HEKA Elektronik, Lambrecht, Germany). The bath solution consisted of
150 mM NaCl, 2.5 mM KCl, and 10 mM HEPES (pH 8, NaOH) (22).
Recording electrodes were filled with an external (pipette) solution consist-
ing of the bath solution supplemented with 1 mM EDTA, 0.1 mM glycine,
and 1 mM glutamate. A voltage of þ100 mV was applied through the
recording pipette to elicit inward currents. For experiments assessing
the effect of DTT on NMDA receptor single-channel activity, we treated
the NMDA receptor-transfected HEK cells with 4 mM DTT both in our
bath solution and in our patch pipette (containing the agonists).
Redox Modulation of NMDA Receptors 2391All single-channel analysis was done using QuB (http://www.qub.
buffalo.edu). Patches analyzed in this article contained a single NMDA
receptor. For GluN1/GluN2A or GluN1(C780S)/GluN2A receptors with
or without DTT, the recordings consisted of long clusters of activity
separated by seconds-long periods of zero-activity, making it straight-
forward to detect more than one channel in the patch as simultaneous
openings. In these cases, given the high Po (0.5–0.98) of GluN2A contain-
ing receptors and the minutes-long duration (with 10,000–320,000 events)
of recordings without any apparent multiple openings, we are highly confi-
dent that these recordings certainly contained only a single channel in the
patch (23).
Records cleaned of long periods of high noise (21) were idealized using
the SKM algorithm after filtering to 12 kHz with a Gaussian digital filter. A
conservative dead-time of 0.15 ms was imposed across all recording files.
The idealization protocol may have missed very fast events. For our anal-
ysis, we did not correct for such missed events and assume that they
were largely equal across different experimental conditions.
Kinetic analysis was performed using the maximum interval likelihood
(MIL) algorithm in QuB. State models with increasing open and closed
states were constructed and fitted to the recordings until log-likelihood
(LL) values improved by <10 LL units/added state. We used a linear fully
liganded state model containing three closed states, two desensitized states,
and two-to-four open states (see Fig. 5) of NMDA receptor gating (24). The
open-time components, comprising one common short duration (O1) and up
to three long-duration (O2-4) intervals, arise from modal gating of NMDA
receptors (25). Modal gating was observed for wild-type (WT) and mutant
receptors with or without DTT (see Table 2), though not all modes (low,
medium, high) were observed for all patches in either WT or under various
experimental conditions. Time constants and the relative areas of each
component, the transition rate constants, as well as mean closed time
(MCT) and mean open time (MOT), were averaged for each receptor
without and with DTT pretreatment and compared to each other.Macroscopic current simulations
Simulations were made using QuB software from 500 channels, each
with a 7.5 pA current amplitude. The simulated pulse consisted of a fully
liganded square pulse lasting 1 s during a 5-s recording (250-ms prepulse).
Kinetic models and rate constants used for each simulation are given
in Fig. 5 D. Two consecutive ligand binding steps were connected to the
C3 gating step, with glutamate binding and unbinding constants of 1.7 
107 M1 s1 and 60 s1, respectively (26,27). Peak (Ipk) and steady-state
(Iss) currents were measured. Percent of desensitization was calculated as
100  (Ipk – Iss)/Ipk. The current trace during deactivation was fitted with
a single exponential function, with tdeact ¼ time constant of deactivation.Statistics
Data analysis was done using the softwares IgorPro (WaveMetrics, Lake
Oswego, OR), QuB, and Microsoft Excel (Microsoft, Redmond, WA).
Results are presented as mean 5 SE. A Student’s t-test was used to test
for significance with the reference in all instances WT GluN1/GluN2A
(24). Significance was defined at P < 0.05.RESULTS
Redox-dependent potentiation of NMDA
receptor macroscopic currents is mediated
by a GluN1-specific C726-C780 disulfide bond
Reduction of NMDA receptors by extracellularly applied
reducing agents such as DTT potentiates agonist-activated
macroscopic currents (12) via reduction of an endogenousdisulfide bond between the cysteine pair C726 and C780
in the GluN1 LBD (13,14) (Fig. 1 A). We reproduced this
redox effect on GluN1/GluN2A NMDA receptors
expressed in Xenopus oocytes in the absence of any other
modulatory divalents (100 mM EDTA) (Fig. 1, B and C).
Extracellular application of DTT (4 mM) potentiates
macroscopic agonist-activated (20 mM glycine and 200 mM
glutamate) currents carried by WT GluN1/GluN2A re-
ceptors (27 5 5% potentiation, n ¼ 8; mean 5 SE, n ¼
number of recordings) (Fig. 1 B, top and C). In NMDA
receptors lacking the GluN1 C726-C780 disulfide bond
(serine substitution at residue C780, hereby referred to as
GluN1(C780S)), this DTT-induced potentiation was abol-
ished (35 1% inhibition, n¼ 8) (Fig. 1 B, bottom, and C).DTT exposure to GluN1/GluN2A receptors
increases the efficiency of channel openings
To address the kinetic mechanisms underlying this redox-
dependent potentiation, we recorded the activity of single
GluN1/GluN2A NMDA receptors in the cell-attached
configuration. NMDA receptors were activated with satu-
rating agonist concentrations (0.1 mM glycine and 1 mM
glutamate) either in the absence (Fig. 2 A, top) or continuous
presence (Fig. 2 A, bottom) of 4 mMDTT (see Materials and
Methods). We made long-duration recordings with at least
10,000 events for greater statistical power (23). In the
absence of divalent cations (1 mM EDTA) and proton inhi-
bition (pH 8) (28,29), GluN1/GluN2A typically undergo
unitary-level openings that are clustered together, with
each cluster separated from the next by sustained periods
of inactivity (Fig. 2 A, top).
When exposed to DTT, the basic architecture of GluN1/
GluN2A single-channel openings is noticeably different,
with the receptors opening to the same unitary current level
but staying open for extended periods of time (Fig. 2 A,
bottom). The composite channel open-time histogram fitted
with the sum of multiple exponentials shows this single-
channel current phenotype with more openings shifted
toward longer durations (Fig. 2 B). Additionally, subtle
changes are also evident in the channel closed-time histo-
gram, especially for the short-duration closures (<1 log
millisecond range) (Fig. 2 C).
As summarized in Table 1, quantification of these single-
channel parameters reveals that DTT-induced reduction of
GluN1/GluN2A receptors exclusively alters gating by
causing a 22% increase in equilibrium channel open proba-
bility (eq. Po) (GluN1/GluN2A versus GluN1/GluN2A þ
DTT; 0.715 0.04, n ¼ 8 vs. 0.885 0.04, n ¼ 7) without
affecting single channel conductance (as gauged by the
unitary current amplitude, I) (7.6 5 0.3 vs. 7.5 5
0.2 pA). The higher Po is manifested chiefly by an increased
mean open time (MOT) (8.1 5 0.9 vs. 20 5 4 ms). Mean
closed time (MCT), however, is unchanged (3.0 5 0.04
vs. 2.5 5 0.9 ms).Biophysical Journal 101(10) 2389–2398
FIGURE 2 In the presence of DTT, a single WT GluN1/GluN2A receptor undergoes high-frequency and long-duration openings. (A) Representative
recordings of two different on-cell patches containing single GluN1/GluN2A receptors either in the absence (top) or presence (bottom) of DTT (4 mM).
Recordings were done under steady-state conditions (0.1 mM glycine and 1 mM glutamate) (digitized at 40.0 kHz, filtered at 1 kHz) from transiently trans-
fected HEK cells. For each, the bottom trace is an expanded view (filtered at 5 kHz) of the respective boxed regions. (B) Open-time duration of the same two
single channel patches (top and bottom) shown in panel A. For these patches, the open-time duration histograms were well fitted with four exponential compo-
nents. (Insets) Time constants and relative areas of the exponential components. (C) Closed-time duration histograms of the same two single channel patches
(top and bottom) shown in panel A. The closed-time duration histograms were well fitted with five exponential components. (Insets) Time constants and
relative areas of the exponential components.
2392 Talukder et al.DTT-induced effects on single-channel activity
are mediated by the GluN1-specific C726-C780
disulfide bond
GluN1(C780S)/GluN2A receptors are not potentiated by
DTT (Fig. 1). We therefore performed single-channel
recordings of GluN1(C780S)/GluN2A (Fig. 3), under the
same conditions as WT receptors to determine whether its
activity was similar to that in WT receptors exposed to
DTT. Single-channel currents of these mutant receptors,
either in the absence (Fig. 3, top current traces andTABLE 1 Absence of the C726-C780 disulfide bond in GluN1 LBD
No. I (pA)
N1/N2A 8 7.65 0.3
N1/N2A þ DTT 7 7.55 0.2
N1(C780S)/N2A 6 6.95 0.4
N1(C780S)/N2A þ DTT 6 8.15 0.5
Mean values (mean5 SE) for single channel current amplitudes (I), equilibrium
(MOT). Single-channel recordings were done in the cell-attached mode under
Methods). Idealization and maximum interval likelihood (MIL) fitting with five
eq. Po is defined as the fractional occupancy of the open states in the MIL fitte
*P < 0.05, relative to GluN1/GluN2A (Student’s t-test).
Biophysical Journal 101(10) 2389–2398histograms) or presence (Fig. 3, bottom current traces and
histograms) of DTT, are phenotypically indistinguishable
from those of DTT-exposed WT receptors (compare to
Fig. 2, bottom current traces and histograms). Likewise,
Po (0.86 5 0.03) and MOT (19 5 2) of GluN1(C780S)/
GluN2A receptors (n ¼ 6) are high, reminiscent of DTT-
exposed WT receptors (Table 1). DTT exposure to
GluN1(C780S)/GluN2A receptors (n ¼ 6) does not cause
any additional changes to the measured single-channel
parameters (Table 2).increases NMDA receptor single-channel activity
eq. Po MCT (ms) MOT (ms)
0.715 0.04 3.0 5 0.4 8.1 5 0.9
0.885 0.04* 2.5 5 0.9 205 3.8*
0.865 0.03* 2.8 5 0.6 195 2.2*
0.835 0.05 4.3 5 1.6 245 4.4*
open probability (eq. Po), mean closed time (MCT), and mean open time
steady-state conditions at pH 8 and in 1 mM EDTA (see Materials and
closed and two-four open states was done with the software QuB. The value
d single-channel recordings.
FIGURE 3 GluN1(C780S)/GluN2A receptors display high single-channel activity like DTT-exposed WT receptors. (A–C) Same as Fig. 3. Note that, like
DTT-exposedWT receptors (Fig. 2 B), a single GluN1(C780S)/GluN2A receptor undergoes high-frequency and long-duration openings independent of DTT.
Redox Modulation of NMDA Receptors 2393Thus, the redox effects on GluN1/GluN2A receptors are
mediated solely by the C726-C780 disulfide bond in
GluN1 (11). In the absence of this disulfide bond, either
by its DTT-induced reduction (Fig. 2) or by preventing its
formation with C780S substitution (Fig. 3), NMDA recep-
tors undergo a more efficient activation gating mechanism.The GluN1-specific C726-C780 disulfide bond
regulates the distribution of open gating states
To further explore the gating properties defined by the
GluN1-specific C726-C780 disulfide bond, we analyzed
the individual exponential components in the composite
open-time histograms of the single-channel recordings.
NMDA receptors display modal gating, wherein channel
openings consist of a common short duration (O1) and one
of three long duration (O2, O3 or O4) components in each
mode (O1 – O2, O1 – O3, or O1 – O4) (25). All of our
single-channel recordings displayed at least three open-
time components and most (20 of 27) had four (Table 2).
Furthermore, O1, the shortest-duration open-time compo-
nent common to all modes in either GluN1/GluN2A or
GluN1(C780S)/GluN2A receptors, was not consistently
affected by the redox status of the C726-C780 disulfide
bond (Table 2). Thus, in the absence of the GluN1-specificC726-C780 disulfide bond, either DTT-exposed GluN1/
GluN2A or GluN1(C780S)/GluN2A receptors, the general
features of modal gating—transitions between three open
modes—persisted.
The effects on channel gating by removal of the disulfide
bond were generally concentrated on the longer duration
open-time components. Strikingly, the exposure of WT
GluN1/GluN2A receptors to DTT increased the fraction of
channel openings to O4 by ~16-fold (aO4) (GluN1/GluN2A
versus GluN1/GluN2A þ DTT; 2 5 0.9 vs. 31 5 9%)
(Table 2). This was apparently accomplished by shifting
the channel openings away from O2 and O3 and into O4,
with significant decreases in the fraction of O2 openings
(aO2, by 37 5 7 vs. 12 5 4%) (Table 2). Furthermore,
the duration of O3 was slightly but significantly increased
(tO3, by 10 5 1.3 vs. 16 5 2 ms) (Table 2). The same
changes to channel openings are fully recapitulated in
GluN1(C780S)/GluN2A receptors under both reducing
and nonreducing conditions (Table 2). In summary, whereas
O4 normally represents a small fraction of NMDA receptors
openings (~2%), disruption of the GluN1-specific disulfide
bond drastically increases the receptor preference for this
long-duration open state. These shifts to long-duration
openings were stable over time (see Fig. S1 in the Support-
ing Material).Biophysical Journal 101(10) 2389–2398
TABLE 2 GluN1 C726-C780 disulfide bond affects multiple-channel open-time components
N1/N2A N1/N2A þDTT N1(C780S)/N2A N1(C780S)/N2A þDTT
No. of recordings 8 7 6 6
tO1, ms 0.215 0.04 0.395 0.25 0.155 0.02 0.255 0.07
aO1, % 1.75 0.2 5.85 2.9 3.25 0.4* 3.2 5 0.5*
tO2, ms 4.55 0.8 (8) 3.45 1.0 (6) 3.1 5 0.8 (6) 6.05 2.0 (4)
aO2, % 375 7.3 12 5 4.1* 9.15 2.8* 39 5 20
tO3, ms 10 5 1.3 (8) 16 5 2.0* (7) 155 1.9* (6) 235 1.5* (6)
aO3, % 605 6.8 53 5 6.6 605 7.2 445 9.3
tO4, ms 435 15 (6) 375 3.4 (7) 335 3.0 (6) 445 2.9 (4)
aO4, % 2.05 0.9 315 9* 28 5 6.5* 41 5 10*
Mean values (mean 5 SE) for the durations and their relative occupancies of up to four fitted exponential components in the open time histograms.
Idealization and maximum interval likelihood (MIL) fitting with five closed and two-to-four open states was done with the software QuB. The four open
components arise from modal gating, with each mode containing a common short duration (O1) and one of three long duration (O2, O3, or O4) openings.
All recordings displayed at least two modes and most displayed all four. The number of recordings observed for each mode is shown in parentheses.
*P < 0.05, relative to GluN1/GluN2A (Student’s t-test).
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disulfide bond exclusively affects the shortest
duration channel-closed state
Although removal of the GluN1 C726-C780 disulfide bond
does not affect the overall mean closed time (Table 1), it
elicits changes in the distribution of discrete closed-time
events (Figs. 2 B and 3 B). To define these changes, we
analyzed the individual exponential components that
comprised the closed-time duration histograms. Consistent
with NMDA receptor gating behavior, all of our single-
channel recordings were fitted best with five exponential
closed time components: three shorter intracluster (C1, C2,
and C3) and two longer intercluster (C4 and C5) components
(24,29–31). Of these, the most notable changes in the
absence of the GluN1 disulfide bond were a shift away
from C2 to the shortest duration component (C1) (Fig. 4).
The duration of C1 was slightly but significantly increased
(t1) (GluN1/GluN2A versus GluN1/GluN2A þ DTT;
0.135 0.002 vs. 0.175 0.01 ms) (Fig. 4 A). More promi-
nently though, the fractional occupancy of C1 was increased
2.5-fold (a1) (14 5 1 vs. 40 5 3%), likely by shifting it
away from C2 (a2) (545 6 vs. 355 2%) (Fig. 4 B; see Table
S1 in the Supporting Material). These specific changes in
closed-time intervals were recapitulated in GluN1(C780S)/
GluN2A receptors under the two tested redox conditions
(Fig. 4). Therefore, the C726-C780 disulfide bond helps
define GluN1 specific preopen gating behavior.FIGURE 4 GluN1/GluN2A receptors with no C726-C780 disulfide bond,
display localized changes to a single closed-time component. (Top) Mean
fold-change in duration (mean5 SE) of closed-time components as deter-
mined by MIL fitting of single-channel recordings. For WT GluN1/
GluN2A, the time constants were: t1 0.13 5 0.002 ms, t2 1.1 5 0.1 ms,
t3 2.5 5 0.3 ms, t4 31 5 6 ms, and t5 1100 5 140 ms. Average values
for all constructs and experiment conditions are shown in Table S1 in the
Supporting Material. (Bottom) Mean relative areas (mean 5 SE) of the
closed-time components. Note values of a4 and a5 are displayed with an
expanded y axis (right). Significant differences are indicated (asterisks)
(P < 0.05, Student’s t-test).Redox effects mediated by the GluN1-specific
C726-C780 disulfide bond influence a fast
preopen gating step
A kinetic mechanism of NMDA receptor activation, that
arranges the multiple open- and closed- time components
as sequential gating reactions, has been described
(24,29–31). The mechanism, C3 – C2 – C1 – O1, captures
as-of-yet undefined conformational events initiating with
ligand-bound cleft closure and terminating in channel poreBiophysical Journal 101(10) 2389–2398opening, with the two longest closed-time components, C4
and C5, representing off-pathway microscopic desensitized
states (Fig. 5) (22,27,32).
Within this activation mechanism, disulfide bond reduc-
tion locally affects only the late gating transitions leading
FIGURE 5 GluN1-specific C726-C780 disulfide
bond exclusively influences late gating transitions
leading to pore opening. (A and B) Sequential state
model (24) of NMDA receptor activation with the
rate constants (s1) of transitions averaged from
fits of individual single-channel recordings. Sig-
nificant differences are indicated with asterisks
(P< 0.05, Student’s t-test). Models were generated
with the maximum number of open states best fit to
that particular recording. Table S2 shows mean
(mean 5 SE) values for these kinetic rate con-
stants including those for GluN1(C780S)/
GluN2A þ DTT. (C) Free-energy landscape
plotted with respect to C3. The off-pathway steps
to and from C4 and C5 are excluded. For clarity,
only the O4 open state is shown. The three
traces (solid line, GluN1/GluN2A; shaded line,
GluN1/GluN2A þ DTT; and dashed line,
GluN1(C780S)/GluN2A) are horizontally offset
for clarity. (D) Simulated macroscopic currents,
obtained by using the software QuB and based
on models shown in panel A, for 500 receptors
elicited by a 1 s pulse of agonists. The kinetic
models and rate constants from panel A are used
for simulations. Two consecutive ligand-binding
steps (solid currents, GluN1/GluN2A and shaded
currents, GluN1/GluN2A þ DTT) were connected
to the C3 gating step, with glutamate binding and
unbinding constants of 1.7  107 M1 s1 and
60 s1, respectively.
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rates for the C2 – C1 transition were significantly slowed
(GluN1/GluN2A versus GluN1/GluN2A þ DTT) (kC2/C1:
1900 5 140 vs. 1100 5 60 s1; kC1/C2: 3600 5 130 vs.
1700 5 120 s1) (Fig. 5 A; and see Table S2). Further-
more, the forward rate for the C1 – O transition was signif-
icantly faster (kC1/O1) (3400 5 190 vs. 4400 5 280 s
1)
(Fig. 5 A). Biochemical or mutagenic disulfide bond
elimination showed comparable differences in the kinetic
activation mechanism (Fig. 5 B). In the context of the ther-
modynamics of the activation gating mechanism, the
specific changes caused by either DTT-induced reduction
of or eliminating the C726-C780 disulfide bond lowers the
energetic barrier between the C2 and C1 states, thus biasing
the receptor gating preference toward pore opening (Fig. 5
C). Further, there was a strong bias, once in the open state,
toward longer openings (Fig. 5, A and B; and see Table S2).
From a thermodynamic perspective, eliminating the disul-
fide bond greatly lowers the energy barrier for entry into
O4 (Fig. 5 C).
To validate the kinetic alterations brought about by
disruption of the C726-C780 disulfide bond, we simulated
macroscopic currents (Fig. 5 D). The simulated macro-
scopic currents based on the kinetic models of WT
NMDA receptors with or without the intact disulfide bond
reliably reproduce the experimentally observed DTT-medi-
ated changes in macroscopic currents (12,33,34). First, atsteady state, the simulated macroscopic currents were
potentiated 27% by DTT, like the DTT-mediated potentia-
tion of macroscopic currents in Xenopus oocytes (Fig. 1, B
and C). Second, the simulated currents showed a ~42%
reduction in desensitization (100  (Ipk – Iss)/Ipk, see
Materials and Methods) caused by DTT (12). Third, the
DTT-based simulated macroscopic currents reduced the
rate of deactivation with a twofold increase in the time
constant of deactivation (Fig. 5 D, inset) (12,34).DISCUSSION
In glutamate-activated ion channels, the energy driving
gating of the ion channel pore originates in the ligand-
binding domain (LBD) and propagates along structural
linkers to the transmembrane domain (TMD). Working
with NMDA receptors, we studied the gating effect of a
single disulfide bond (C726-C780) located at the hinge
region of the LBD in the obligatory GluN1 subunit (14).
Eliminating this GluN1-specific C726-C780 disulfide bond
by either DTT-mediated reduction (Fig. 2) or mutagenesis
(Fig. 3) results in more efficient gating, with the probability
of pore opening significantly increased (Table 1) (6). In
terms of a kinetic mechanism of activation gating, elimi-
nating this disulfide bond had two notable effects. The first
effect was a dramatic increase in the occurrence of long
open events (O4) (Table 2). Because these long open eventsBiophysical Journal 101(10) 2389–2398
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the GluN1-specific disulfide bond and its spontaneous
breakage may represent one component mediating modal
gating in NMDA receptors. The second major effect
occurred in the preopen gating steps where eliminating
this disulfide bond exclusively affected a fast kinetic step
(C2 – C1). This result is consistent with other work suggest-
ing that this fast step is GluN1-specific (30,35). Overall, our
results suggest that the dynamics of the GluN1 LBD, influ-
enced by the redox state, regulate components of modal
gating and late gating steps in channel opening/closing.
NMDA receptors display modal gating consisting of three
open-state modes (low, medium, high) (24,25). In any given
mode the channel opens to a common short duration (tO1 ~
0.2 ms) and one of three long duration (tO2 ~ 4.5 ms, tO3 ~
10 ms, and tO4 ~ 43 ms) states (Table 2). In our hands, WT
GluN1/GluN2A receptors displayed all three gating modes
with O2 (low mode) and O3 (medium mode) comprising
the overwhelming majority (~97%) of openings (Table 2).
Although modal gating was intact in the absence of the
GluN1 C726-C780 disulfide bond, elimination of the disul-
fide bond increased the duration of O3 (~1.5-fold), but more
prominently the occupancy of O4 (~16-fold) at the expense
mainly of O2 occupancies. Hence, this GluN1-specific disul-
fide bond might contribute to the distribution of modal
gating states, with limited openings to O4 under ambient
oxidizing conditions reflecting transient breakage of this
disulfide bond. Still, whether breakage of this endogenous
disulfide bond represents a component of modal gating
especially in native or synaptic NMDA receptors (32) will
need to be directly tested. We anticipate that additional
structural elements and mechanisms must also contribute
to modal gating because it persisted even with the elimina-
tion of this disulfide bond (Table 2).
NMDA receptor activation gating proceeds through a
core kinetic mechanism of sequential transitions across at
least three preopen states, C3/ C2/ C1/ O1, as well
as two off-pathway desensitized states, C4 and C5 (Fig. 5,
A and B) (24,29–31). This core gating mechanism has
been postulated to incorporate a slow (C3 – C2, ts ~
13 ms) GluN2-specific and a fast (C2 – C1, tf ~ 0.7 ms)
GluN1-specific preopen gating step, followed by a very
fast (C1 – O, tvf < 0.1 ms) concerted pore opening
(22,30,31). Elimination of the GluN1-specific disulfide
bond affected the forward and reverse rates associated
with the fast C2 – C1 preopen gating step (Fig. 5, A–C) con-
sistent with this fast step being GluN1-specific. Addition-
ally, although the relationship between kinetic entry/exit
rates and the time constants/areas of the corresponding
exponential components are complex, we detected redox-
dependent changes in the duration (t1 ~ 0.13 ms) and occu-
pancy of a single exponential component, reflecting the
observed changes in rates associated with C1 (Fig. 4).
(Note that t1 s tf due to different single channel data
collection and analysis regimes, e.g., filtering and digitiza-Biophysical Journal 101(10) 2389–2398tion frequencies, tcrit, etc.) Thus, the C726-C780 disulfide
bond modulates GluN1 conformations involved in specific
kinetically defined preopen gating steps.
The conformational dynamics of agonist binding in iono-
tropic glutamate receptors encompasses two general steps:
a binding step termed ‘‘docking’’, and a clamshell-like
closing step termed ‘‘locking’’ where the cleft surrounds
agonist preventing its exit. This ‘‘locking’’ step presumably
provides the majority of free energy required for pore
opening (36,37). Based on the findings that eliminating
this disulfide bond increases agonist efficacy (13) and that
it is located at the back, ‘‘hinge-region’’ of the LBD, it has
been proposed that this disulfide bond normally hinders cleft
closure or ‘‘locking’’ of the LBD (14). By hindering the
‘‘locking’’ process, the disulfide bond presents an energetic
barrier to the closed-cleft state and hence destabilizes the
conformational changes inducing pore opening. Thus, in
the absence of this disulfide bond, we saw a decline in the
energetic barrier in the C2 – C1 – O transition (Fig. 5 C),
promoting channel open states. In addition, Kussius and
Popescu (35) trapped the GluN1 LBD in a closed-cleft
conformation using introduced cysteines in the mouth of
the cleft and observed a similar kinetic disruption, specifi-
cally changes in the fast C2 – C1 transition.
Nevertheless, these manipulations, whether trapping the
closed-cleft conformation via disulfides or eliminating the
hinge-region disulfide bond, are not completely equivalent.
Unlike their study, we found a robust increase in Po (Table 1)
arising from a redistribution of open states (Table 2). We
also found that the direction of changes in the C2 – C1 pre-
open steps was not identical: ‘‘locking’’ cleft closure
enhanced the C2 – C1 forward transition, whereas elimina-
tion of the hinge disulfide bond slowed the C2 – C1 reverse
transition. The basis for these differences is unknown, but
might reflect, for example, that elimination of the hinge
disulfide bond allows for additional twisting of LBD helices
(38) and/or the hinge disulfide bond might have additional
interactions with the LBD-TMD linkers or with the TMD
themselves. In any case, additional experiments will be
needed to define the specific structural effect of removing
the GluN1-specific C726-C780 disulfide bond.
Energetically, eliminating the hinge disulfide bond ap-
pears to stabilize LBD conformations that favor the open
pore conformation. Interestingly, if the sole energetic effect
of the hinge disulfide bond is to destabilize cleft closure, this
would suggest that the dynamics of the GluN1 LBD plays
a central role in regulating late gating steps including the
stability of the open state (17,35,39–43). Thus, the prefer-
ence for the specific gating modes displayed by a functional
receptor might arise from structural dynamics within the
LBD.
Because the energy provided by LBD cleft closure medi-
ates NMDAR gating, stabilizing the closed cleft state by di-
sulfide bond reduction can readily account for the observed
changes in gating. Overall, our results suggest that under
Redox Modulation of NMDA Receptors 2397endogenous oxidative conditions, energy provided by LBD
cleft closure is dissipated through structural components
distant from the ion channel pore. This disulfide bond likely
represents an ‘‘energy sink’’ draining the energy necessary
for stabilizing long-lived open states. By eliminating this
sink, the energy of LBD cleft closure is more efficiently
coupled to channel openings and long open-state modes.
This result is promising in defining the structural elements
modulating modal gating and would lead us to argue that
modal gating is not solely due to intracellular interactions.
Other unidentified extracellular components in both
GluN1 and non-GluN1 subunits may also confer molecular
control to gating in NMDA receptors.SUPPORTING MATERIAL
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